The restriction factor Fv1 confers resistance to murine leukemia virus (MLV), blocking progression of the viral life cycle after reverse transcription, but before integration into the host chromosome. It is known that the specificity of restriction is determined by both the restriction factor and the viral capsid (CA), but a direct interaction between Fv1 and MLV CA has not yet been demonstrated. With the development of a previously unexplored method for in vitro polymerization of MLV CA, it has now been possible to display a binding interaction between Fv1 and MLV CA. C-terminally Histagged CA molecules were assembled on Ni-chelating lipid nanotubes, and analysis by electron microscopy revealed the formation of a regular lattice. Comparison of binding data with existing restriction data confirmed the specificity of the binding interaction, with multiple positions of both Fv1 and CA shown to influence binding specificity.
T he gene Fv1 is one of a series of mouse genes that determine susceptibility to murine leukemia virus (MLV) (1) . The precise mechanism by which Fv1 restricts MLV infection is unclear. It has been shown that viral progression is blocked at a stage after reverse transcription of the viral genome, but before integration of newly synthesized DNA into the host chromosome (2, 3).
There are two major alleles of Fv1, Fv1 n and Fv1 b , characterized by their ability to block infection by different strains of MLV. Fv1 n , present in NIH-Swiss mice, blocks infection by Btropic MLV, but permits infection by N-tropic MLV. Fv1 b , present in BALB/c mice, has the reverse phenotype (4) . Viruses that grow equally well in either cell type were termed NB-tropic (5) . More recent studies have shown that when expressed at higher than natural levels, Fv1 b exerts a moderate restriction activity against B-and NB-MLV (6, 7) . Fv1 n does not show such secondary effects (6, 7) . A less common third allele, Fv1 nr , restricts B-tropic viruses and some-but not all-N-tropic viruses (8) . Those N-tropic viruses not restricted by Fv1 nr are referred to as NR-tropic MLV (9, 10) .
Genetic studies have shown that the viral target of Fv1 is the MLV capsid protein (CA) (11, 12) , and subsequent work identified position 110 to be the major determinant of N/B-tropism (13) . B-MLV has a glutamate at this position, and N-MLV has an arginine. More recently, many other residues in CA have been implicated in NB-and NR-tropism. When mapped onto the MLV CA structure, these residues suggest a potential Fv1 binding pocket (10) . Among those viruses classified as NR-tropic are N-MLVs carrying mutations N82D, H114N, or L117H (9, 10).
The Fv1 gene was cloned in 1996 (14) , and since then a number of features have been identified within the molecule it encodes. Fv1 contains a major homology region (MHR), a feature that is highly conserved among retroviral CAs (15) . A predicted coiledcoil region containing a dimerization domain was identified toward the N terminus, and there is also evidence to suggest that a second multimerization domain exists in the C-terminal half of the molecule (16, 17) . It is likely that multimerization is important for Fv1 function (18) . A localization domain was also identified, as deletion of residues 109 to 118 were sufficient to cause redirection of Fv1 to the endoplasmic reticulum rather than the trans-golgi network, a property associated with loss of restriction activity (16) . Residues involved in the specificity of restriction are found at the C terminus (6, 7), and it is probable that this part of the molecule directly interacts with CA. Fv1 n and Fv1 b differ at three sites: position 358, position 399, and the C terminus itself, all of which have been implicated in the specificity of restriction (6, 7) . Fv1 nr is identical to Fv1 n , except for a single-point mutation at position 352 (10) .
To date, a direct interaction between Fv1 and MLV CA has not been observed. However, such biochemical studies are complicated by the fact that an interaction does not occur between monomeric proteins but apparently requires assembly of CA into the hexameric lattice organization observed in a viral core (19) . A restriction factor binding assay has been developed for HIV-1 (20) , making use of the fact that purified HIV CA and CAnucleocapsid (NC) molecules readily assembles into tubes and core-like structures that form a hexameric lattice arrangement (21, 22) . MLV CA is less easy to polymerize in vitro, and in our hands the reported binding of TRIM5α to detergent-treated MLV (23) has not proved reproducible, presumably because of the relative instability of MLV cores. We therefore set out to develop a reliable method for the ordered assembly of MLV CA. Here, we have been able to achieve this by anchoring His-tagged CA molecules to Ni 2+ -chelating lipid nanotubes. Using these CAcoated tubes, it has been possible to investigate the interaction between Fv1 and MLV CA and demonstrate a pattern of binding consistent with restriction.
Results
Ordered Assembly of MLV CA on Lipid Nanotubes. To become a target for Fv1 binding, CA must be assembled into the arrangement observed in virions (19) . We therefore set out to develop a method for the ordered assembly of purified CA molecules. Compared with HIV CA (21, 22) , MLV CA is less amenable to in vitro polymerization; however, assembly of His-tagged Moloney (Mo) MLV CA on Ni 2+ -chelating flat lipid sheets has been used to investigate CA structural organization (24) (25) (26) . Based on these reports, we used the tube-forming lipid galactosylceramide (GalCer), which, with the inclusion of the Ni 2+ -chelating lipid 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)succinyl] (DGS-NTA), produced a surface to which CA-His could be anchored (27) . The CA protein was tagged at the C terminus to ensure a free N terminus, an apparent requirement both for MLV maturation and Fv1 binding (19) . shows Ni 2+ -chelating lipid tubes, before (Fig. 1A) and after (Fig.  1B) incubation with C-terminally His-tagged B-MLV CA, observed by electron microscopy following negative staining. In Fig.  1B , a protein layer increases the radius of the tube, and the surface is entirely covered with striations suggesting a regular organization of CA. Fig. 1C shows a negative-stain image of a tube and a computed diffraction pattern from its center, suggesting hexagonal ordering. The prominent spots at 40-Å resolution correspond to the (1, 1) reflection from a hexagonal lattice with a unit cell spacing of ∼70 Å. The lattice parameters are therefore similar to 2D crystals of MLV (25, 28) and smaller than those reported for MLV in ice (29) or for MLV by X-ray crystallography (30) . We performed electron tomography (Movie S1) to further understand the tube structure. Fig. 1D shows the cross section of the CA-coated tube, and Fig. 1E shows a section through the surface layer showing the lattice. The images reveal a regular honeycomb-like organization of the CA surface layer decorating a hollow lipid nanotube.
Fv1
n Specifically Binds B-MLV CA Assembled on Lipid Nanotubes. We next investigated whether it was possible to detect binding of Fv1 to CA-coated lipid tubes. Lipid tubes were generated comprising 10%, 30%, or 50% (mol/mol) DGS-NTA, and coated with either B-or N-MLV CA. Fig. 2A shows electron micrographs of B-MLV CA-coated tubes, and similar data were obtained for N-MLV CA. At 10% DGS-NTA, the tubes are incompletely coated with CA, evidenced by the irregular appearance of tubes and the presence of unbound protein ( Fig. 2A) . At 50%, tubes were completely covered by a protein layer but the best lattices were consistently obtained with 30% DGS-NTA. CA-coated tubes were then incubated with lysates from cells expressing Fv1 n , and bound material separated from unbound by ultracentrifugation of the CAtubes through a 40% sucrose cushion. A sample of lysate was saved for assessment of Fv1 expression, denoted "Input." The pellet was analyzed for the presence of Fv1 by Western blotting with an anti-Fv1 antibody, and CA detected by SDS/PAGE and Coomassie staining. Consistent with expectations from restriction data (6, 7), Fv1 n was found to cosediment with B-but not N-MLV CA (Fig. 2B ), implying specific binding. As a negative control, Ni-NTA agarose beads were also coated with B-or N-MLV CA and used to detect binding of Fv1 n . Although still proficient in pelleting CA protein, CA-coated Ni-NTA beads were not bound by Fv1 n (Fig. 2B ), indicating that the assembly of CA molecules seen on lipid tubes was a necessary requirement for Fv1 n binding, as randomly orientated, high-density binding sites present on beads do not appear sufficient. In contrast to the specificity displayed by Fv1 n , an anti-CA antibody was able to bind to and cosediment with both B-and N-MLV CA, whether bound to lipid nanotubes or Ni-NTA agarose beads (Fig. 2C) . At 10% DGS-NTA, the limiting presence of Ni 2+ binding sites resulted in tubes that bind less CA. Following centrifugation of these tubes, very little CA was detected in the pellet ( Fig. 2 B and C) , perhaps because the resulting tubes are too low in density to pass rapidly through the sucrose gradient, and the lack of Fv1 n or anti-CA in the pellet fraction of these samples confirmed that neither binding partner was able to sediment through 40% sucrose in the absence of CA. Thus, the presence of Fv1 n in the pellet confirmed a real and specific interaction with assembled CA.
Specificity of Binding Correlates with Specificity of Restriction. The ability of different Fv1 alleles to restrict various MLVs has been well studied, and a number of residues have been identified in CA that influence the specificity of restriction. To examine the correlation between binding and restriction, the binding behavior of a number of MLV CA variants was investigated. Cell lines were generated to stably express Fv1 n , Fv1 b , or Fv1 nr , and CAcoated lipid tubes were prepared as described above. Fv1 n was able to bind B-MLV CA, but not N-or Mo-MLV CA (Fig. 3A) , consistent with existing restriction data (6, 7) . In contrast, although Fv1 b only restricts N-MLV when expressed at endogenous levels, significant activity against B-and Mo-MLV has been observed when Fv1 b was overexpressed (6, 7). It was therefore unsurprising to discover that Fv1 b was able to interact with all three CAs under the conditions of our assay (Fig. 3A) . Among the many CA residues implicated in restriction specificity, position 110 has been demonstrated to be a major determinant of N/Btropism (13) . Mutating the residue at position 110 of B-MLV CA to that found in N-MLV CA was sufficient to ablate Fv1 n binding, and the reverse was true when the same residue in N-MLV CA was mutated to that found in B-MLV (Fig. 3A) . It seems that the presence of arginine (or the absence of glutamate) at this position was sufficient to ablate binding by Fv1 n . However, Fv1 nr , characterized by a single-point mutation in Fv1 n , was able to overcome this block, binding both B-and N-MLV CA (Fig. 3B) . Also consistent with restriction data, the NR-MLV CAs N82D, H114N, and L117H (9, 10) (Fig. 3B) . The data show a correlation between the specificity of binding and the specificity of restriction.
Fv1 Binding Requires Assembly of CA Molecules into an Ordered
Lattice. It has been proposed that assembly of CA is a necessary requirement for Fv1 binding, as monomeric CA does not compete for restriction factor binding (19) . Whether CA molecules must be assembled into the hexameric lattice arrangement of a viral core or simply presented in close proximity has not been shown. To investigate this further, we generated CA proteins that would be impaired for lattice formation, and used these to investigate whether Fv1 could still bind. The N-terminal β-hairpin structure that forms on viral maturation is well conserved among retroviruses. Prevention of β-hairpin formation disrupts CA assembly, both in vivo and in vitro (31) (32) (33) . In MLV, the β-hairpin is stabilized by a salt bridge between residues P1 and D54. We generated CA proteins mutated at position 1 (P1G) or position 54 (D54A), and used these for production of CA-coated lipid nanotubes. Fig. 4A shows electron micrograph images of wild-type and mutant N-MLV CA proteins assembled on lipid tubes, and similar data were obtained for B-MLV CA. Lipid tubes were still coated with CA, but rarely showed the complete covering of the tubes and were less well ordered than wild-type CA. Wild-type and mutant CA-coated lipid tubes were then used (Fig. 4C) . Binding to assembly-impaired CAs was ablated or significantly reduced for both Fv1 n and Fv1 b , despite the presence of CA in the pellet fraction. It seemed these lattices, which lacked the integrity of the wild-type lattice, were not sufficient for Fv1 binding.
Multimerization Domains of Fv1 Are Required for CA Binding. Mutation, deletion, and expression studies have identified a number of features in the Fv1 molecule that are important for restrictive function, as summarized in Fig. 5A (6, 7, 16, 17 ). Mutations were made in Fv1 n to examine the importance of some of these features for CA binding (Fig. 5A) . Cell lines were generated to stably express these proteins, and the ability to bind B-or N-MLV CA was investigated. Wild-type Fv1 n was included for comparison. Despite being nonrestrictive (6), the deletion mutant Int1 (D109-118) was still able to bind to B-MLV CA. In contrast, the MHR mutant V282E and Fv1 200 to 440 were unable to bind (Fig. 5B) . Fluorescence studies have shown that Int1 is mislocalized within the cell (16) , and it is thought that this protein could be restrictive, but does not encounter the incoming virus. Fv1 V282E, in which the MHR is disrupted, is impaired for both self-association and restriction (6, 16) . Fv1 200 to 440 retains the proposed binding domain as the MHR, but lacks the N-terminal dimer domain. As neither of these multimerizationimpaired proteins were able to bind MLV CA (Fig. 5B ) it seems that multimerization of Fv1 is required for CA binding.
Discussion
The ability to study the specific interaction between Fv1 and the MLV CA protein is essential for the detailed understanding of the mechanism of restriction. To facilitate this study, we have developed a method for the ordered assembly of MLV CA protein on the surface of lipid nanotubes. Using these CA-coated tubes, it has been uniquely possible to demonstrate qualitatively a binding interaction between Fv1 and MLV CA.
Examination of a number of Fv1 and CA variants allows us to show a strong correlation between the specificity of binding and the specificity of restriction. Consistent with previous data, CA residue 110 was of prime importance for Fv1 n binding. As previous studies have shown that a neutral residue at this position resulted in a virus that could still be restricted by Fv1 n (10), it seems that the presence of arginine (rather than the absence of glutamate) is required to disrupt the binding interaction. As well as adding to the array of residues involved in binding, results with At present, it is unclear whether Fv1 binding of CA is alone sufficient to induce restriction or whether secondary mechanisms exist. The development of a binding assay will allow a detailed examination of this question. However, artificial restriction factors comprising only a multimerization domain and a CA-binding domain are able to restrict viral infection (18) , and as yet no data has been obtained to suggest a more complex mechanism for Fv1 analogous to the proteasomal degradation associated with TRIM5α. Throughout the course of this work, only one example was identified where binding and restriction did not correlate. Int1, despite being nonrestrictive (6), was still able to interact with B-MLV CA. However, as this mutated protein, Fv1 with amino acids 109-118 deleted, has been observed in a cellular location where it is not expected to encounter incoming virions (16) , these data do not have implications for the mechanism of binding.
Rather
This work has also been informative about the multimerization requirements for Fv1-CA binding. It has previously been hypothesized that the affinity of CA binding is low, requiring multimerization of both binding partners to increase avidity sufficiently to allow a stable association to form (18, 30, 34) . It has now been possible to confirm that both the assembly of CA and multimerization of Fv1 are indeed required for a measurable binding interaction to occur.
Fv1 possesses two multimerization domains, a dimerization domain associated with a predicted coiled-coil region located toward the N terminus, and a second, less well-defined multimerization domain in the C-terminal half of the molecule (17) . Despite the fact that Fv1 n mutants V282E and 200 to 440 would each retain one of these multimerization domains, neither was able to bind B-MLV CA. The related restriction factor TRIM5α is better understood, both in terms of domain structure and binding behavior, and so it is of interest to draw comparisons between this protein and Fv1. It has recently been shown that binding of TRIM5α to HIV CA requires not only the dimerization associated with the coiled-coil domain, but also higher order multimerization mediated by the B-box (34, 35) . It seems likely that higher order multimerization is also important for Fv1 binding, and it will be interesting to pursue this idea further by investigating the binding and association behavior of a more extensive panel of Fv1 mutants.
Our binding data indicate that CA multimerization is required for binding by Fv1. We have previously suggested that binding sites either form during MLV maturation or assume a suitable spacing to allow stable binding (19, 30) . Although we do not yet know the precise arrangement of CA molecules in the lipid nanotubes, it appears that they form a polymer sufficiently closely related to that found in virions to allow Fv1 binding. Again, the parallels to TRIM5 appear close, binding of HIV-1 CA being dependent on CA forming a regular array (20, 36) . Very recently, it has been shown that TRIM5 can form a hexagonal lattice allowing the correct alignment of multiple B30.2 domains over CA (37) . It will be of considerable interest to determine whether the same holds true for Fv1. If so, the failure to form an ordered long-range structure might provide an explanation for the absence of Fv1 binding by P1G and D54A.
In addition to Fv1 binding, the methodological advances described here will also be of use for the study of MLV CA assembly and structure. In vitro assembled HIV CA has proved a valuable tool for examining CA structural organization, in some cases revealing information that was not obtained from X-ray crystallography (21, 22, 38 ). It will now be possible to obtain similar information about the structural organization of CA of MLV and other retroviruses. This being the case, these unique methodologies will open up new avenues for the comparative study of both the structural organization and also the binding characteristics of a wide range of retroviral CA proteins.
Materials and Methods
Cells and Viruses. TE671 and 293T cells were cultivated in DMEM containing 10% FCS and antibiotics. Fv1-expressing cell lines were generated by transduction with retroviral delivery vectors. The viruses were generated by simultaneous transfection of 293T cells with three plasmids containing the vector, gag-pol, and env functions (7, 39) . Virus-containing supernatant was harvested, filtered, and either used to transduce cells directly or stored at −70°C. pENTR/D-TOPO then recombined into the retroviral vector pLgatewayIRESYFP using the Invitrogen Gateway cloning system.
The expression plasmids for C-terminally His-tagged N-tropic MLV CA (pET22-N-MLV-CA) and B-tropic MLV CA (pET22-B-MLV-CA) are as previously described (30) , and a similar plasmid for Mo-MLV CA (pET22-Mo-MLV-CA) was prepared using pHIT60 (39) as a template. Briefly, restriction endonuclease sites were introduced to the ends of the Mo-MLV-CA coding sequence by PCR using primers 5′-CATATGCCCCTCCGCGCAGGA-3′ (Nde1 site added, underlined) and 5′-GCGGCCGCCAATAGCTTGCTCAT-3′ (Not1 site added, underlined). The PCR product was digested with Nde1/Not1 and ligated into the large fragment of Nde1/Not1 digested pET22 vector.
Expression plasmids with point mutations were generated by QuikChange site-directed mutagenesis (Stratagene) using the following primers; P1G forward 5′-TATACATATGGGGCTCCGTTTGG-3′, P1G reverse 5′-CCAAACGG-AGCCCCATATGTATA-3′, D54A forward 5′-CAGCCCACCTGGGATGCCTGCCA-GCAATTATTAG-3′, D54A reverse 5′-CTAATAATTGCTGGCAGGCATCCCAGGT-GGGCTG-3′, N82D forward 5′-CTGTCCGGGGCGATGATGGGCGC-3′, N82D reverse 5′-GCGCCCATCATCGCCCCGGACAG-3′, R110E forward 5′-CACCACC-CAAGAAGGTAGGAACC-3′, R110E reverse 5′-GGTTCCTACCTTCTTGGGTGG-TG-3′, E110R forward 5′-CACCACTACAAGAGGTAGGAACC-3′, E110R reverse 5′-GGTTCCTACCTATTGTAGTGGTG-3′, H114N forward 5′-GGTAGGAACA-ACCTAGTCCTC-3′, H114N reverse 5′-GAGGACTAGGTTGTTCCTACC-3′, L117H forward 5′-CCACCTAGTCCACTATCGCCAG-3′, L117H reverse 5′-CTGGCGA-TAGTGGACTAGGTGG-3′.
CA Expression and Purification. C-terminally His-tagged MLV CA protein was expressed in Rosetta 2 DE3 (Novagen) Escherichia coli cells grown at 37°C, induced at an OD of 0.6 with 0.5 mM IPTG, and grown for 3 h. Cells were harvested by centrifugation, and protein was purified by Ni 2+ -affinity chromatography, followed by size-exclusion gel filtration on a HiLoad 16/60 200 column (GE Healthcare). Fractions containing protein were then pooled, concentrated to 3 to 6 mg/mL, aliquoted, and stored at −70°C.
Generation of CA-Coated Lipid Nanotubes. Lipid nanotubes were generated as described by Wilson-Kubalek et al. (27, 40) . Tube forming lipids, D-galactosyl-β-1,1' N-Nervonoyl-D-erythro-sphingosine (GalCer), and Ni 2+ -chelating lipids, DGS-NTA were purchased from Avanti polar lipids and stored in chloroform at −20°C. Ni 2+ -chelating lipid nanotubes were prepared by combining GalCer with DGS-NTA at a ratio of 7:3, to generate a nanotube comprising 30% Ni-chelating lipid (unless stated otherwise). After mixing, the chloroform was removed under a gentle stream of nitrogen, the lipids were rehydrated with 20 mM Tris-HCl pH 8, 100 mM NaCl to a concentration of 500 μg/mL and sonicated for 5 min. To generate CA-coated nanotubes, 2 mg/ mL CA protein was combined with lipid nanotubes at a ratio of 1:3 with 10 mM imidazole. The mixture was incubated at room temperature for 1 h before use.
MLV Binding Assay. Mammalian cells (TE671) stably expressing Fv1 protein were plated in 6-cm dishes 1 d before use. Cells from one confluent plate were resuspended in 5 mL PBS and collected by centrifugation (5 min, 1,000 × g), then lysed in 750 mL of cold hypotonic lysis buffer (10 mM Tris-HCl pH8, 10 mM KCl). Cells were left for 15 min on ice then homogenized using a 2-mL dounce homogenizer (20 strokes) and insoluble material removed by centrifugation (10 min, 20,000 × g). The protein concentration of the cleared cell lysate was adjusted to 300 mg/mL (measured using Bradford reagent). To account for the differences in expression levels, lysate from cells expressing Fv1 n (or Fv1 n -related mutants) was diluted fourfold with TE671 cell lysate.
For the binding reaction, 200 μL of lysate was combined with 4 μL of CAcoated lipid nanotubes, and the NaCl concentration adjusted to 150 mM. The samples were incubated at room temperature for 1 h with gentle mixing, then layered on top of 2 mL 40% (wt/vol) sucrose in PBS. The samples were centrifuged at 110,000 × g for 1 h in a SW55 rotor, the supernatant aspirated, and the pellet resuspended in 50 μL of SDS sample buffer. CA in the pellet was detected by SDS PAGE and Coomassie staining, and Fv1 pulldown was measured by Western blotting with a rabbit anti-Fv1 antibody directed against the N terminus of the molecule (17) . Fv1 n 200 to 440 was detected with a rabbit anti-Fv1 antibody directed against the whole molecule (6).
Electron Microscopy and Image Analysis. Two to three microliters of sample were applied to glow-discharged, continuous carbon-coated grids, stained with 1% uranyl acetate. Imaging was performed in an FEI Spirit TWIN microscope at 120 keV using an Eagle 2K camera (FEI) at 4.3 Å/pixel magnification or an FEI G2 Polara operating at liquid nitrogen temperature and 200 keV with a 224 HD detector (TVIPS) at 4.4 Å/pixel. Tilt series (0 to ±66°in 3°steps) for tomography were recorded on an FEI G2 Polara at 2.3 Å/pixel using Xplor3D (FEI) and reconstructed using IMOD (41) . The final 2× binned tomogram was 4.6 Å/pixel. A movie showing tomogram sections can be found at Movie S1.
